I n the past 30 years, a combination of human activity and natural events has resulted in both dramatic and subtle changes to forests, wetlands, lakes, and streams in the boreal regions of North America. Consequently, future generations will not see natural boreal assemblage of plants, animals, and landscapes. In this article, I document some of the changes that have occurred and discuss how these changes may cause severe malfunctioning of boreal communities and ecosystems in the future.
Despite increasing public concern for the world's forests and waters, the boreal zone is seldom mentioned. At 1.3 x 10 9 ha, the boreal forest is second in size only to the moist tropical forests (Olson et al. 1983 ). Furthermore, boreal lakes are the most numerous on Earth. Although the exact number has never been compiled, there are over 700,000 lakes in temperate areas of eastern Canada alone (Minns et al. 1990) . I estimate that Canada may contain from 1.5 to 2 million lakes. The vast areas of water in boreal Eurasia may double this number. Molot and Dillon (1996) estimate that, globally, lakes cover 1.25 x 10 6 km2, or 100/0 of the total boreal area. The boreal region David W. Schindler (e-mail: d.schindler@ ualberta.ca) is Killam Professor of Ecology in the Department of Biological Sciences, University of Alberta, Edmonton, Alberta T6G 2E9 Canada. He has spent the last 30 years working and living in boreal ecosystems, much of it as leader of the Experimental Lakes Area in northwestern Ontario. © 1998 American Institute of Biological Sciences.
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David W. Schindler Despite increasing public concern for the world's forests and waters, the boreal zone is seldom noticed also contains the world's largest expanse of wetlands and plays a major role in the global carbon cycle, as discussed below. However , North Americans and Europeans have focused much of their concern over the loss of biodiversity and greenhouse gas production on the tropics, ignoring the destruction of boreal ecosystems that is taking place under their very noses.
Large and small insults to the boreal region
Climatic warming, acid deposition, and increased exposure to ultraviolet (UV) radiation caused by stratospheric ozone depletion are considered by many to be the "Big Three" of global human stressors to natural ecosystems. All are likely to have serious environmental consequences for boreal regions. Models of climate change indicate that the Canadian boreal zone will be among the regions that are most affected by climatic warming from increasing greenhouse gases (Environment Canada 1994) . Throughout the twentieth century, but par-ticularly in the 1970s and 1980s, average temperatures in boreal regions of Canada have increased considerably ( Figure 1 ). Woodwell et al. (1995) predict that among terrestrial ecosystems, northern forests and wetlands will be most vulnerable to climate warming. Although it is not clear whether the extreme warming of the 1970s and 1980s was caused by increasing greenhouse gases or natural variability, the effects that were observed gave a disturbing "preview" of the effects of prolonged climatic warming on boreal regions, indicating that Woodwell et al.'s predictions may become a reality.
Acid precipitation, caused by human emissions of sulfur and nitrogen oxides to the atmosphere, has stressed ecosystems throughout eastern North America (Figure 2; Schindler 1988 a, Schindler et al. 1989 ). Thousands of fish populations and perhaps millions of invertebrate populations from boreal waters of Canada have been lost as a result of acid precipitation (Minns et al. 1990 ).
Finally, stratospheric ozone depletion caused incident UV-B radiation at boreal latitudes in Canada to increase by 35% per year from 1989 to 1993 (Kerr and McElroy 1993) . The biological effects of increased UV radiation are only beginning to be studied, but it is clear that many organisms are sensitive to UV radiation (e.g., Bothwell et al. 1994, Vinebrook and Leavitt 1996) .
In addition to their individual effects, the three major stressors have cumulative and perhaps synergistic effects on boreal landscapes because they interact in significant and complex ways (Figure 3; Schindler et al. 1996b , Yan et al. 1996 . The stressors also dramatically change the nature of interactions among terrestrial, wetland, stream, and lake ecosystems, affecting the dynamics of the entire boreal landscape. Other, more localized human perturbations, such as reservoir construction and clearcut logging, also interact substantially with the "Big Three" stressors, causing them to have still greater impacts. Taken together, these studies suggest that the boreal landscape will undergo rapid, substantial changes in the future.
Climate warming effects on boreal catchments
During the warm, dry period of 1970-1990, the area burned by forest fires in Canada doubled in comparison to the previous several decades ( Figure 4 ; Kurz et al. 1995a ). Most of the increase occurred in remote areas, where fire suppression is not effective.
Among the boreal regions in which forest fire increased the most were the Experimental Lakes Area (ELA) and surrounding parts of northwestern Ontario. The ELA, which contains 46 small lakes and their catchments, was reserved beginning in 1968 for whole-ecosystem experiments and long-term ecological monitoring. Other human activities were restricted in the area (Johnson and Vallentyne 1971, Schindler 1988b) . When I began work in the area in 1968, most of the forests were mature; they were dominated by jackpine (Pinus banksiana), black spruce (Picea mariana), trembling as- 1900 1920 1940 1960 1980 Year Figure 1 . Annual average air temperature deviations from the 1950 to 1979 average in the boreal regions of northwestern Canada (top) and northeastern Canada (bottom) in the twentieth century. Reproduced from Gullett and Skinner (1992) with the permission of the Minister of Public Works and Government Services, Canada.
c::::J >0.6 Figure 2 . A map of eastern Canada showing the ratio of alkalinity to Ca 2 + plus Mg2+ (equivalents). Values lower than 1.0 indicate that acid precipitation has depleted the capacity oflakes to buffer against acidification. Black indicates areas where the ratio is less than 0.2; crosshatching indicates areas where the ratio is 0.2-0.6; white indicates areas where the ratio is greater than 0.6 but less than 1.0. Heavy lines indicate sulfate deposition in kg . ha-1 • yc-1 • Acid deposition depletes alkalinity but increases weathering of Ca 2 + and Mg2+. Reprinted with permission from Schindler (1998a) . © 1988 American Association for the Advancement of Science. 1996a). As a result, evapotranspiration increased by nearly 50%, and precipitation declined by approximately 40% (Schindler et al. 1996a) , leaving the landscape extremely dry. Several massive forest fires consequently burned, most of which were caused by lightning strikes. Burning in 1974 affected some of the monitored catchments in the ELA (Figure 5a ; Schindler et al. 1976) . After burning, the vegetation recovered rapidly and was dominated by the same fire-resistant tree species that had occupied the sites before the fire ( Figure 5b ). However, many of the young trees died during subsequent years of warming and severe drought (Figure 5c ), providing a tremendous amount of dry fuel near the ground. Some monitored catchments burned a second time in 1980 (Bayley et al. 1992a (Bayley et al. , 1992b , resulting in a landscape that was almost denuded of organic matter (Figure 5d ). After the second fire, vegetation recovered more slowly and was less dense. In fact, 17 years later, bare bedrock is still exposed in much of the area, which was once covered by organic mats 20-50 cm in depth and with mature forests. Even when it becomes mature, the forest will obviously be much less dense than it was originally. In addition, deciduous trees, such as trembling aspen and balsam poplar (Populus balsamifera), have replaced conifers as dominant tree species. Thus, the forests resemble those of the more arid aspen parklands of western Canada, as predicted by Hogg and Hurdle (1995) .
pen (Populus tremuloides), and paper birch (Betula papyrifera) of more than 80 years of age (Brunskill and Schindler 1971) . Clearcut logging had just become mechanized, so its effects were relatively small in the region around ELA.
During the period 1970-1990, annual air temperature at ELA increased by 1.6 °C 
Effects of climate warming on boreal waters and wetlands
in northern Ontario during the 1970s and 1980s. Water levels in wetlands declined, allowing reoxidation of sulfur that had entered as sulfate from precipitation and had been reduced to sulfur during previous high water phases (Bayley et al. 1986, Devito and Hill 1997) . Effects on the carbon budgets of wetlands during the 1970s and 1980s are less well known. Studies in other northern wetlands indicate a variety of responses, depending on the temperature, precipitation, and wetland type. In general, declining water levels allow the reoxidation of peat deposits that have been long-term carbon sinks and promote the oxidation of methane before it reaches the atmosphere. Woodwell et al. (1995) warn that if climatic warming and drought cause a sufficient decline in wetland water tables, peatland fires could accelerate the reoxidation of carbon stored as peat, thus increasing the rate of greenhouse gas accumulation in the atmosphere. Bridgham et al. (1995) review the known and predicted effects of climate warming on northern wetlands.
Also during the 1970s and 1980s, headwater streams that had flowed throughout the ice-free season in the late 1960s and early 1970s became ephemeral. By the late 1980s, these streams were dry for up to 150 days during the summer ( Figure 6 ; Schindler et al. 1996a) . As a result of the decreased streamflow, exports of almost all chemicals from catchments to lakes decreased (Schindler et al. 1996a (Schindler et al. , 1997 .
Climatic warming over this 20year period caused several direct changes to lakes in ELA (Schindler et al. , 1996a : ice-free .seasons averaged several days longer, and maximum ~urface watFr temperatures increased. Similar changes were observed at other northern sites (Anderson et al. 1996 , McDonald et al. 1996 . In addition, landscapes that had been denuded by fire allowed greater wind velocities to occur at the surface of small lakes ), thus creating larger surface waves with greater energy for mixing (Robertson and Imberger 1994) .
Lakes also became clearer, largely as the result of reduced inputs of dissolved organic matter (usually mea- sured as dissolved organic carbon, or DOC) from catchments (Schindler et al. 1996a , 1997 , Dillon and Molot 1997 . This allochthonous (i.e., derived from terrestrial ecosystems) DOC is an important organic carbon source for food chains in pristine boreal lakes. It originates in wetlands or wet terrestrial soils in the catchments of lakes, where it is derived from decomposition of organic matter produced by terrestrial plants, and is typically highly colored (Figure 7) . This dissolved color, rather than plankton or turbidity, is the chief factor attenuating both visible and ultraviolet radiation in boreal lakes (Schindler 1971 (Schindler , 1996b Lean 1994, Williamson et al. 1996) . As DOC declined, increased penetration of solar radiation warmed Heeper layers of the lake, causing thermoclines to deepen. «l 3 Together, thermo-~ cline deepening, in-g e 2 ::J The reduced streamflow into lakes caused the residence time of water in the lakes (defined as the volume of water in the lake divided by the volume of the annual inflow) to increase by severalfold, altering important biogeochemical processes. As a result, the concentrations of conservative (biologically and chemically unreactive) chemicals increased due to evaporative concentration and return from lake sediments, despite declining input from catchments. Conversely, the longer exposure to biological activity in lakes caused Year 1970 1980 1990 concentrations of more biologically important chemicals, such as phosphorus and DOC, to decline (Schindler et al. 1996a (Schindler et al. , 1997 .
Changes to the thermal regimes, transparency, and chemistry of the lakes in turn caused biological changes. The phytoplankton standing crop, expressed as chlorophyll a, declined in proportion to inputs and concentrations of phosphorus, as expected in phosphorus-limited systems. The depth distribution of phytoplankton production also changed, with photosynthesis occurring at much greater depths, although no trend in production per unit area was detected (Schindler et al. 1996a ). There was a slight increase in phytoplankton diversity during the 1970s and 1980s ). The changed thermal regime also caused shrinkage of summer habitats for cold stenothermic organisms, such as lake trout (Salvelinus namaycush) and opossum shrimp (Mysis relicta), which are normally confined to the hypolimnion (the cold region below the lake's thermocline) in summer (Sellers et al. 1997) . For example, in lake 239, which was monitored throughout the period, lake trout declined slowly, whereas northern pike (Esop lucius), a warm-water species that preys on small trout, increased (Ken H. Mills, Fisheries and Oceans Canada, Winnipeg, Manitoba, unpublished data). Although it is difficult to prove causality, fishing is prohibited in the lake, and alternative reasons for the change in predator species are not apparent.
Effects of acid deposition
Most of the boreal zone of Canada is underlain by the Precambrian Shield, which consists chiefly of granitic rocks that are several billion years old. Low rates of geochemical weathering cause lakes and soils in the region to have extremely low capacities to neutralize strong acids. During the twentieth century, thousands of boreal lakes in eastern Canada were acidified by deposition of strong acids, caused chiefly by sulfur oxide emissions from factories in the midwestern United States and from smelters in the Sudbury, Ontario, region. The biodiversity of many 160 lakes and streams in the Sudbury region was severely reduced (Hall and Ide 1987, Dixit et al. 1995) , and smaller losses of biodiversity were widespread (Minns et al. 1990 ). Forests near sulfur oxide sources were also damaged or killed by sulfur oxide emissions, soil acidification, and toxic trace metal deposition, particularly in the regions around Sudbury and other smelters (Winterhalter 1995) .
In the period from 1970 to 1990, deposition of acids decreased in much of the eastern boreal zone, largely because sulfur oxide emissions in eastern Canada decreased by approximately 60% (Environment Canada 1996) . As a result, recoveries in pH were observed in many waters, particularly near Sudbury, where many lakes had been acidified to pH 5 and below. In addition, some sport fisheries that had been eliminated by acidification earlier in the century recovered (Schindler et al. 1991 , Keller et al. 1992a ). Substantial recoveries of damaged forests also occurred in the Sudbury area as local concentrations of sulfur oxides were reduced (Gunn 1995) .
Although some lakes have recovered substantially, for others the recovery has been more limited, and many others continue to acidify (Dillon et al. 1987 , Keller et al. 1992b ). Overall, 33 % of the acidified lakes in eastern Canada are recovering, 11 % are still acidifying, and 56% show no signs of recovery (Environment Canada 1996) . As Minns et al. (1990) predicted, atmospheric inputs of strong acids are still too high to allow many lakes to recover. In particular, US sulfur oxide emissions have remained stable at near 20 million metric tons (Environment Canada 1996) . Full implementation of US emission reductions, to 14.4 million metric tons, is not expected until 20 10. In addition, little has been done to curb emissions of nitrogen oxides, the precursors of nitric acid in precipitation. Thus, acid deposition continues to be a problem, and even with current levels of acid deposition, large numbers of lakes will be affected (Minns et al. 1990 ). Moreover, as described below, climate warming and drought have exacerbated the effects of acid deposition.
Interactions between climate warming and acidification
Climate warming has several effects on the responses of boreal lakes and streams to acid precipitation. In cooler, drier climates, much of the sulfate deposited by precipitation is reduced and stored as sulfur in vegetation, soils, and peatlands. Where anthropogenic emissions of sulfur oxides cause acid precipitation, this storage protects lakes and streams from acidification (Bayley et al. 1986 , Rochefort et al. 1990 ). As noted earlier, however, under warmer, drier climatic conditions, increased exposure of peatlands and wet soils to atmospheric oxygen causes reoxidation of stored sulfur. As a result, pulses of sulfuric acid are released to streams and lakes during periods of high streamflow produced by rainstorms following periods of drought (Bayley et al. 1992b , Lazerte 1993 , Devito 1995 . The pulses appear to be more acidic in eastern Ontario, where high anthropogenic sulfate deposition has occurred for decades, than in northwestern Ontario, where sulfate deposition is lower and where less reduced sulfur is stored in soils and wetlands. In catchments with base-poor soils, the resulting concentrations of strong acids in streams can consistently exceed concentrations of base cations, decreasing the average pH (Schindler et al. 1996a) . Forest fires also increase the mobilization of strong acid anions to a greater degree than base cations in such catchments (Bayley et al. 1992b) .
Incoming sulfuric acid is also removed in the littoral areas of lakes. Microbial reduction of sulfate to sulfide occurs just below the mudwater interface, where anoxic conditions prevail. The reduced sulfur combines with ferrous iron or organic matter to form insoluble sulfides, neutralizing the sulfuric acid (Cook and Schindler 1983, Rudd et al. 1986 ). However, as lake levels decline during warming or drought, sulfur stored in upper areas of the littoral zone is reoxidized, causing lakes to reacidify (Yan et al. 1996) . As a result of the reoxidation of sulfur in catchments and littoral zones, the recovery of some lakes and streams from acidification has been prevented or delayed, even in ecosystems in which sulfur emissions to the atmosphere have been greatly reduced. Ecosystem-scale experiments in Norway, in which acid rain was neutralized, have also shown delays in recovery (Wright and Hauhs 1991) .
In areas subjected to many years of acid deposition, recovery of lakes and streams may also be aggravated by the depletion of base cations in catchments (Likens et al. 1996) . Together, the acid pulses caused by climatic warming and forest fires and the reductions in base cation yields from acidified, burned soils will make it necessary to reduce acidifying emissions by much more than originally predicted if lakes and streams are to recover.
Conversely, acidification also exacerbates the effects of climatic warming, via its effects on DOC. Acidification of lakes to below pH 5 greatly decreases DOC concentrations, as the result of increased precipitation (Effler et al. 1985 , Schindler et al. 1992 , Driscoll and van Dreason 1993 , photolytic bleaching, and mineralization (Molot and Dillon 1996) . ReductionsinDOCconcentrations of 90-95% have been observed in acidified lakes, greatly increasing the penetration of solar radiation and exacerbating thermocline deepening (Dillon et al. 1984 ).
Climate warming, DOC, and UV exposure
The increased residence time of DOC in lakes provides more time for microbial degradation, chemical flocculation, and photolytic bleaching and degradation to occur. Warmer temperatures, deeper UV penetration, and longer ice-free seasons accelerate these processes, contributing to increased in-lake degradation of DOC Molot 1997, Schindler et al. 1997) . The higher transparency to UV radiation caused by declining concentrations of DOC and increased photo bleaching of DOC greatly increases exposure of aquatic ecosystems to UV radiation (Schindler et al. 1996b , Williamson et al. 1996 , Yan et al. 1996 . This increased exposure amplifies by up to severalfold the increase in UV radiation that is already reaching boreal lakes as a result of the approximately 10% stratospheric March 1998 ozone depletion in boreal regions (Hengeveld 1991) . As UV radiation penetrates deeper into lakes, it may become even more effective at removing or bleaching DOC, so that the process of Increasing UV transparency may be self·accelerating. The increased penetration of solar radiation may also cause other chemical changes. For example, both UV and short visible wavelengths photodegrade methyl mercury to nonvalent (HgO) mercury, which is quickly lost to the atmosphere (Amyot et al. 1994 , Sellers et al. 1996 . The magnitude and fate of the released mercury are still not known.
The relationship between DOC and UV is a negative exponential, with UV penetration increasing rapidly as DOC concentrations decline below approximately 300 pM (3.6 mg/l). As a result, the effects of climate warming on UV penetration will be most pronounced in clearer lakes. In Ontario, the DOC of approximately 20% of the lakes is less than 300 pM (Neary et al. 1990 ). In subarctic and subalpine areas, an even higher proportion of lakes has low DOC.
A triple whammy
Climate warming, acid precipitation, and stratospheric ozone depletion act in concert to increase the exposure of aquatic organisms to UV radiation. As discussed above, both climatic warming and acidification contribute to increased UV radiation reaching aquatic ecosystems through their effects on DOC. The penetration of UV radiation into acidified lakes can therefore be several times higher than it would otherwise be (Schindler et al. 1996b , Yan et al. 1996 . Even modest climatic warming and acidification contribute more than stratospheric ozone depletion to increasing UV exposure of aquatic systems (Schindler et al. 1996b) , greatly exacerbating the effects of increased incident UV at the earth's surface.
Consequently, boreal lakes are under a "three-pronged attack" from the combined effects of climatic warming, acidification, and stratospheric ozone depletion, through their combined effects on UV (Gorham 1996) . The biological consequences are still largely unknown, but they are under active investigation by several research groups.
The effects of other human activities and other stressors
Other human actIVItIes and other stressors in boreal regions will add to the ecological problems caused by the" Big Three" stressors. Some will have effects that are exacerbated by interaction with the "Big Three."
For example, clearcut logging is increasing rapidly (Figure 4 ; Kurz et al. 1995a ). In addition to causing decreased carbon storage in vegetation and soils, logging increases the exposure of small, shallow streams to UV radiation, causing dramatic changes to biota (David Kelly, University of Alberta, unpublished data).
Climate warming may cause increased damage due to forest pests. Outbreaks of several species of common forest insects are known to increase as the result of warmer, drier climatic conditions (Kurzetal.1995a).
Building reservoirs in boreal regions floods wetlands and terrestrial soils, causing massive fluxes of DOC and methyl mercury to water. The accelerated decomposition of peat increases carbon dioxide and methane fluxes to the atmosphere (Duchemin et al. 1995 , Kelly et al. 1997 . Moreover, large areas of reservoirs in boreal regions would further amplify climatic warming by increasing greenhouse gas fluxes to the atmosphere. Already, the total area of boreal reservoirs in North America is similar to tha t of Lake Ontario (Rudd et al. 1993 ).
The boreal zone in the global carbon cycle
The boreal zone contains one of Earth's largest terrestrial carbon pools. Terrestrial vegetation is a relatively small part of the pool, a mere 64 Gt (Apps et al. 1993) . Soils are estimated to contain an additional 247-286 Gt (Schlesinger 1984, Bonan and Van Cleve 1992) , whereas boreal peatlands contain 419 Gt (Apps et al. 1993) , nearly one-third of the global soil carbon pool (Gorham 1991) . Until recently, lake sediments were overlooked as a carbon pool. Molot and Dillon (1996) estimate that 120 Gt of carbon are stored in the sediments of boreal lakes, so that the total carbon storage in boreal landscapes is approximately 830 Gt.
Altogether, recent estimates indicate that north temperate forests, of which the boreal forests are the major part, may equal the oceans as a net annual sink for atmospheric carbon (Tans et al. 1990 ), thus damping the increase in atmospheric carbon dioxide caused by fossil fuel burning (Keeling et al. 1996) . In particular, lake sediments and peat deposits are long-term repositories (i.e., from 1000 to 10,000 years) for fixed carbon. Kurz et al. (1995b) estimate that the forested parts of the boreal region alone may remove carbon from the atmosphere at a rate of 0.2 Gt/yr; they present evidence that the boreal carbon "sink" weakened in the period 1970-1989 as the result of fires and other disturbances. If human insults significantly weaken or reverse the carbon flux to the boreal sink, a significant increase in climatic warming may occur. Such a warming would, as discussed above, accelerate the "unraveling" of the sensitive boreal landscape. When the combined effects of climate warming, acid precipitation, stratospheric ozone depletion, and other human activities are considered, the boreal landscape may be one of the global ecoregions that changes the most in the next few decades. Certainly, our descendants will know a much different boreal landsca pe than we have today. Figure 8 . The thermal capacities of lakes 239 and 240 from 1970 to 1990. These capacities, as measured in degree days, increased as the result of longer ice-free seasons, warmer water temperatures, and deeper thermoclines. Open circles indicate lake 239; solid circles indicate lake 240. Reprinted from Schindler et al. (1996a) .
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